The Oð 3 PÞ þ C 2 H 4 reaction, of importance in combustion and atmospheric chemistry, stands out as a paradigm reaction involving triplet-and singlet-state potential energy surfaces (PESs) interconnected by intersystem crossing (ISC). This reaction poses challenges for theory and experiments owing to the ruggedness and high dimensionality of these potentials, as well as the long lifetimes of the collision complexes. Primary products from five competing channels (H þ CH 2 CHO, H þ CH 3 CO, H 2 þ CH 2 CO, CH 3 þ HCO, CH 2 þ CH 2 O) and branching ratios (BRs) are determined in crossed molecular beam experiments with soft electron-ionization mass-spectrometric detection at a collision energy of 8.4 kcal∕mol. As some of the observed products can only be formed via ISC from triplet to singlet PESs, from the product BRs the extent of ISC is inferred. A new full-dimensional PES for the triplet state as well as spin-orbit coupling to the singlet PES are reported, and roughly half a million surface hopping trajectories are run on the coupled singlet-triplet PESs to compare with the experimental BRs and differential crosssections. Both theory and experiment find almost equal contributions from the two PESs to the reaction, posing the question of how important is it to consider the ISC as one of the nonadiabatic effects for this and similar systems involved in combustion chemistry. Detailed comparisons at the level of angular and translational energy distributions between theory and experiment are presented for the two primary channel products, CH 3 þ HCO and H þ CH 2 CHO. The agreement between experimental and theoretical functions is excellent, implying that theory has reached the capability of describing complex multichannel nonadiabatic reactions.
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oxygen atom reactions | polyatomic reaction dynamics | quasiclassical trajectory surface-hopping calculations | crossed beam reactive scattering C omparisons between experimental scattering cross-sections and theoretical predictions, by both quantum-mechanical (QM) and quasiclassical trajectory (QCT) methods on accurate ab initio potential energy surfaces (PESs) for benchmark threeatom (1-4), four-atom (5), and recently noncomplex forming fiveatom (e.g., Cl þ CH 4 ; ref. 6 ) reactions have greatly advanced our understanding of chemical reactivity over the last decade.
Nonetheless, experimental and theoretical investigations of the dynamics of more complex polyatomic reactions, with numerous competing product channels (e.g., the title reaction) still represent a major challenge for both experiment and theory. Experimentally, a major challenge is to study all the open channels with the same degree of accuracy and under the same experimental conditions. This is a prerequisite to identify the primary reaction products and determine their relative importance (branching ratios, BRs). A "universal" detection method to interrogate all product channels on the same footing, such as mass-spectrometry (MS), is required, and this can be best pursued in crossed molecular beam (CMB) experiments, where the reactions are investigated under single collision conditions (primary products are often transient species which can undergo secondary or wall collisions in bulk experiments). The CMB-MS study of polyatomic multichannel reactions has recently become feasible using "soft" ionization detection by tunable low-energy electrons (7 and 8) or vacuum-ultra-violet (VUV) synchrotron radiation (9) . From a theoretical point of view, the development of full-dimensional PESs is needed on which to perform detailed dynamical (QCT) calculations to many products. These type of developments are now becoming practical (10) .
For reactions with the added complexity of coupling of PESs, as is considered here, the challenge to theory and experiment is perhaps at its highest level. Coupling of PESs either by intersystem crossing (ISC) or conical intersections is ubiquitous in chemistry [especially photochemistry, ref. 11, and biochemistry (photobiology) ref . 12] . The polyatomic chemical reaction of Oð 3 PÞ and ethylene, the subject of this article, is an important multichannel reaction with a significant contribution from ISC. This reaction is important in combustion (13) and of relevance also in atmospheric chemistry (14) . The branching to numerous products, indicated in the simplified PES schematic in Fig. 1 , and important dynamical details of product angular and translational energy distributions have been measured in recent state-ofthe-art CMB experiments (7) . These, together with more recent CMB studies with VUV synchrotron radiation detection (9) where BRs could not be derived, have shed new light on the detailed dynamics of the title reaction with respect to the results obtained in earlier CMB work (15, 16) . These experiments provide an important test ground for theoretical dynamics methods that can be used widely to study ISC dynamics.
A so-called direct-dynamics study of this reaction was reported recently (17) . However, due to the large computational effort this approach entails, a fairly low level of electronic structure was used and a small number (545) of trajectories were propagated for a short time, roughly 1 ps at the collision energy, E c , of 12.9 kcal∕mol of previous CMB experiments (7) . The results of these calculations were in qualitative agreement with experimental data in showing the significance of the ISC. Statistical Rice-Ramsperger-Kassel-Marcus (RRKM) calculations of product branching, with an assumed electronic branching ratio, using limited high-quality ab initio calculations of relevant saddle points and products, were also reported (18) . In this case as well the contribution of ISC was found to be important by comparing an assumed ISC extent with the experimental information. The recently achieved capability of treating a system like this one more rigorously on the theoretical side as well as an increased sensitivity in our CMB apparatus have motivated us to investigate these complex dynamics in far more detail. We present here fulldimensional QCT surface hopping calculations of the reaction of This article is a PNAS Direct Submission. 1 To whom correspondence may be addressed. E-mail: jmbowma@emory.edu or piero@ dyn.unipg.it.
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Oð 3 PÞ þ C 2 H 4 using ab initio PESs for the singlet and triplet states and their coupling, together with new accurate CMB experiments at E c ¼ 8.4 kcal∕mol. The agreement between theory and experiment given here represents the most comprehensive and significant comparison between theory and experiment for a reaction system of this complexity and importance, including nonadiabatic effects.
Results and Discussion
The calculations employ a previous singlet PES that is a fit using a basis of permutationally invariant polynomials in Morse-like variables in all the internuclear distances to roughly 200,000 electronic energies, as described in detail elsewhere (19) (20) (21) (22) . A PES for the triplet state was developed for this study. This PES is a permutationally invariant fit to roughly 52,000 ab initio energies computed with the coupled cluster method with account of single and double excitations, and perturbative treatment of triple excitations [CCSD(T)], as implemented in the MOLPRO suite of codes (23) . The fitting uses procedures developed in our group and recently reviewed (10, 24) . Details of this PES are given in the SI Text.
A simplified schematic of the singlet and triplet PESs given in Fig. 1 shows the stationary-point structures and energies relative to the reagents Oð 3 PÞ þ C 2 H 4 (with vibrational zero-point energies not included) corresponding to the relevant product channels. (A complete schematic indicating many more stationary points is given in Fig. S1 . Comparisons of the PES energies with directly calculated ones from high level ab initio methods are also given there.) These PESs have been used in surface hopping trajectory calculations (25) (26) (27) (28) of the title reaction. The spin-orbit couplings between singlet and triplet states in the •CH 2 CH 2 O• biradical region, where the ISC occurs (verified by our trajectory surface hopping studies) were derived by complete active space self consistent field (CASSCF) method with cc-pVTZ basis of calculations, as described in detail in the SI Text. Roughly 60,000 trajectories were run at E c ¼ 8.4 kcal∕mol for eight impact parameters, with a maximum time of 300 ps for each trajectory; a total of roughly 450,000 trajectories were run. As expected, the hopping occurs in the biradical •CH 2 CH 2 O• region, and examinations of the hopping configurations show that the energy differences at these geometries between triplet and singlet PESs are small. (Details of trajectory surface hopping calculations and the distribution of these energy gaps are shown in the SI Text and Fig. S2.) Experimentally, we performed a reactive scattering study of this reaction at E c ¼ 8.4 kcal∕mol by using the universal CMB technique empowered with soft electron-ionization (EI) MS detection and time-of-flight (TOF) analysis. The experiments consisted in measurements of laboratory (LAB) frame angular and velocity distributions of the possible reaction products and in retrieving from them the product angular and translational energy distributions in the center-of-mass (CM) frame; BRs are derived by a multichannel fit of the LAB data using the best-fit CM functions and estimated (when not available) ionization cross-sections and fragmentation patterns. Details of the experimental apparatus with recent improvements and methodology can be found in previous publications (refs. 29-31; see also SI Text). Product angular and velocity distributions have been measured in detail at the mass-to-charge ratio m∕z ¼ 42, 15 and 14; however, reactive signal has been detected also at m∕z From the present measurements, which are higher resolution and more detailed with respect to our previous work at E c ¼ 12.9 kcal∕mol (7, 31), we have been able to unambiguously detect products from all five reaction pathways shown in Fig. 1 , with the exception of CO þ CH 4 (see below), characterize their dynamics of formation, and determine their branching ratio. Here we present the measured angular and TOF distributions recorded at m∕z ¼ 15 and 42. The data at m∕z ¼ 15 carry the fingerprints of both principal channels; that is, H þ CH 2 CHO (vinoxy) (via its daughter ions CH 3 þ ) and HCO þ CH 3 (via the parent ion CH 3 þ ). The data recorded at m∕z ¼ 42, instead, carry the fingerprint of products from the three channels H þ CH 2 CHO (via the daughter ion
The best-fit CM distributions are only displayed for the channels CH 3 þ HCO and H þ CH 2 CHO.
The angular distribution at m∕z ¼ 15, measured using soft EI with 17 eV electron energy, is shown in Fig. 2A together with the velocity vector (Newton) diagram of the experiment (Fig. 2B ) and the TOF spectrum at the CM angle, Θ ¼ 30° (Fig. 2C) ; in total, TOF spectra have been measured at seven different angles. Under the conditions of the present experiment, the signal at m∕z ¼ 15 can only originate from the CH 3 product (parent ion) and the CH 2 CHO product (that dissociates to the daughter ion CH 3 þ even at this low electron energy). On the basis of energy and linear momentum conservation, the broad intense peak of the angular distribution ( Fig. 2A) , centered at the CM angle and exhibiting a clear backward-forward feature, and the slow intense bimodal peak of the TOF spectrum (Fig. 2C) can be unambiguously attributed to the heavy vinoxy radical product from Oð 3 PÞþ C 2 H 4 , while the two wide wings of the angular distribution and the fast broad peak centered at 100 μs of the TOF spectrum arise Fig. 1 . Simplified schematic of triplet (red) and singlet (black) potentials used in the present trajectory surface hopping studies of the Oð 3 PÞ þ C 2 H 4 reaction. The biradical region, enclosed by the ellipse, is where the majority of surface hops occurs. A more detailed and complete schematic is given in the SI Text. As indicated, the electrophilic oxygen atom attacks the C═C bond through a very low barrier of about 3 kcal∕mol and forms an energetic triplet biradical •CH 2 CH 2 O•. The triplet biradical can undergo fragmentation and rearrangement, which competes with ISC. The corresponding singlet biradical can isomerize to acetaldehyde (CH 3 CHO), which subsequently dissociates because of its high energy content. The triplet biradical can dissociate to H þ CH 2 CHO or to CH 2 þ H 2 CO. The singlet biradical can also isomerize to oxirane by oxygen migration and ring-closure. The oxirane will finally isomerize to CH 3 CHO and further dissociate from CH 3 CHO into various products, CH 3 þ HCO, H þ CH 3 CO, etc. (A much more detailed schematic of these PESs is given in the SI Text.) from the methyl radical coming from the Oð 3 PÞ þ C 2 H 4 → CH 3 þ HCO reaction and, to a significant extent,* also from the Oð 1 DÞ þ C 2 H 4 → CH 3 þ HCO reaction.
As described elsewhere (29) , data analysis assumes a CM differential cross-section Iðθ; E 0 T Þ for each channel that is separable in the product of two parts: one depending only on the CM scattering angle, TðθÞ, and the other only on the product translational energy, PðE 0 T Þ (coupling between these two functions is weak under our experimental conditions). The total CM differential cross-section at a given m∕z is obtained by a weighted sum of the Iðθ; E 0 T Þ for the various channels contributing to the signal at that m∕z value. Using a forward-convolution program with instrumental and experimental parameter inputs, along with a TðθÞ, a PðE 0 T Þ) and a relative weight for each channel, LAB angular and TOF distributions were calculated and compared with experimental data. The two CM functions and the relative weight for each channel were iteratively adjusted until calculated LAB angular distributions and TOF spectra matched those from experiment (see Figs. 2 and 3) . The best-fit TðθÞs and PðE 0 T Þs for the two channels from the Oð 3 PÞ reaction leading to CH 2 CHO and CH 3 formation are depicted in Fig. 4 C and D and Fig. 4 A  and B , respectively, together with the theoretical predictions from the present calculations.
Because the parent ion C 2 H 3 O þ (m∕z ¼ 43) corresponding to the vinoxy and acetyl products is not very stable and fragments heavily to m∕z ¼ 42, especially at electron energies higher than 12.5 eV (9, 31), measurements of product angular and TOF distributions for the CH 2 CHO and CH 3 CO channels were carried out at the daughter ion m∕z ¼ 42, at which signal from also ketene (as parent ion) contributes. Fig. 3A shows the LAB angular distribution at m∕z ¼ 42 as obtained using 60 eV electron energy, together with the Newton diagram (3B) of the experiment and the TOF spectrum (3C) at Θ ¼ 30°. The angular distribution at m∕z ¼ 42 is significantly more complex than that at m∕z ¼ 15 Fig. 2 A and C). This Oð 1 DÞ contribution was neglected in the analysis of the previous experiment at E c ¼ 12.9 kcal∕mol (7), but this is currently being revised; preliminary results indicate that the revisited CH 3 and CH 2 CHO BRs decrease, from 0.43 AE 0.09 to 0.31 AE 0.08, and increase, from 0.27 AE 0.06 to 0.33 AE 0.07, respectively. As a consequence of this, also the BRs of the other three channels have varied to some extent: that of CH 3 CO from 0.01 AE 0.005 to 0.02 AE 0.01, that of CH 2 from 0.16ðþ0 − 0.08Þ to 0.22ðþ0.02 − 0.08Þ, while that of CH 2 CO has remained unchanged at 0.13 AE 0.03 (for a compensatory effect). It should be noted that in all cases both the old and revised value lie within the same error bars. Interestingly, the fact that the ISC yield increases very little when the collision energy decreases from about 13 kcal∕mol to about 8 kcal∕mol indicates that the collision energy is not playing a very significant role in the BRs, presumably because the intermediate complex lifetime remains long enough also when E c rises to ∼13 kcal∕mol.
because of the larger number of reaction channels contributing at this mass. Although it appears qualitatively similar to that measured at m∕z ¼ 15, it does exhibit quantitative differences; in particular, it does not exhibit a bimodality with a dip at the CM angle and it is backward biased around the CM. As for the m∕z ¼ 15 data, the various contributions at m∕z ¼ 42 are disentangled through TOF measurements at seven selected LAB angles, as can be seen in Fig. 3C where the TOF spectrum at Θ ¼ 30°is shown. This spectrum exhibits (i) a dominant peak, analogous to the main peak observed at m∕z ¼ 15 (Fig. 2C) , both originating from dissociative ionization of vinoxy; (ii) a fast peak, which appears as a shoulder on the main peak and is unambiguously attributed, on the basis of energy and linear momentum conservation, to the ketene product from the channel CH 2 CO þ H 2 ; and (iii) a small component, peaked at the CM velocity, which is attributed to formation of the acetyl radical from the channel CH 3 CO þ H with a very small recoil energy; in addition, a contribution from Oð 1 DÞ is present on the ketene channel and as a CH 2 CO þ H þ H channel (as found also in the CMB study of Lee et al., ref. 9 , at E c ¼ 3 kcal∕mol)* (SI Text). Notably, a comparison of the detailed shape of the angular distributions (measured in the present work in a fine grid of angles; i.e., every 2°) and of also the TOF spectra at m∕z ¼ 15 and 42 (see Figs. 2 and 3 ) leads to an unambiguous determination of the CH 3 CO þ H channel, which, in contrast, could not be identified in the study of Lee et al. (9) at E c ¼ 3 kcal∕mol in pulsed CMB experiments with soft photoionization detection because of the coarse angular distributions obtained in those experiments by integration of the TOF spectra measured every 10°. The acetyl channel is not contributing at m∕z ¼ 15 (within our sensitivity), and this is the reason why the m∕z ¼ 15 angular distribution is bimodal-with a clear dip at the CM angle ( Fig. 2A )-while this dip in the m∕z ¼ 42 data (Fig. 3A) is filled up by the acetyl contribution narrowly peaked at the CM angle. Analogous effect can be noticed in the TOF spectra for the two masses: the very slow acetyl contribution, peaked at the CM velocity, fills up the dip between the fast and slow velocity side of the vinoxy contribution at m∕z ¼ 42 (see Fig. 3C ), while this dip is discerned at m∕z ¼ 15 (see Fig. 2C ). The CH 2 CO þ H þ H channel from Oð 1 DÞ has its fingerprint mainly in the backward bias (around the CM angle) of the angular distribution at m∕z ¼ 42 (similar CM functions were derived for this channel also in the experiment by Lee et al., ref. 9) . It should be noted that the m∕z ¼ 42 angular and TOF distributions can be measured equally well using soft (17 eV) EI (this was actually done for signal calibration purposes); in this case, the fast shoulder in the TOF spectra due to ketene formation is somewhat more intense than at 60 eV because ketene fragments to daughter ions less at 17 eV than at 60 eV.
Determination of the BRs for the competing reactive channels required consideration of the electron-ionization cross-sections, fragmentation patterns, and Jacobian factors for each reaction (30, 31) . In this study, the product fragmentation patterns and Jacobian factors were explicitly included in the analysis. The electron ionization cross-sections were estimated for each product from additivity rules based on atomic polarizabilities (16, 34) .
The primary product BRs at E c ¼ 8.4 kcal∕mol obtained by theory and experiment are shown in Table 1 . Experimentally, the detection of the CO þ CH 4 channel is problematic owing to the high inherent CO background in UHV detectors and to the fact that the methane and the O-atom reactant have the same mass. Thus, no experimental determination of the CO þ CH 4 products has been possible in the present experiment. However, recent pulsed CMB studies at E c ¼ 3 kcal∕mol (9) 
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Experimental uncertainties are about AE25%. The PES on which products are formed is noted. mol (35) performed by using soft ionization with VUV synchrotron radiation did not find any evidence of the CO þ CH 4 channel; notably, in the latter study the acetyl channel was not observed. Theory does find roughly 14% for this channel. In Table 1 , this channel is not included in the accounting of the percentages to be consistent with experiment. It should also be noted that the fraction of CH 3 CO may be somewhat underestimated in the experiment, because highly internally excited acetyl radicals may decompose to CH 3 þ CO before reaching the detector due to a relatively low (∼18 kcal∕mol) dissociation barrier.
The observation of the three channels CH 3 þ HCO, CH 3 CO þ H and CH 2 CO þ H 2 , which together account for one half of the overall reaction yield (Table 1) , can only be rationalized assuming that ISC between the triplet and singlet PESs is occurring very efficiently (Fig. 1) . This is supported by the present theoretical work, which finds a singlet yield of about 60%, a value comprised within the experimental estimate of 50 AE 13% (Table 1) . It should be noted that formation of CH 3 þ HCO and CH 3 CO þ H on the triplet PES is prevented at low E c s by a high isomerization barrier (∼12 kcal∕mol above the reactant asymptote) from the initial diradical adduct to triplet acetaldehyde (see also SI Text and Fig. S1 ).
As the vinoxy and CH 3 channels account for more than 60% of the total products (Table 1) , a comparison of detailed dynamics of these channels from experiment and theory (PESs and dynamics) can test the reliability of the latter. The PðE 0 T Þ and TðθÞ distributions of the two channels are compared in Fig. 4 : as shown, the agreement between theory and experiment is rather impressive. The behavior of the PðE 0 T Þ distributions of H þ CH 2 CHO supports that the dynamics of this channel is dominated by the exit channel barrier, with the PðE 0 T Þ that peaks at around 10 kcal∕mol both from theory and experiment and distributes up to the total available energy of about 25 kcal∕mol. The theoretical results rise and go down a bit faster than the experimental results (the average fraction of energy in translation, hf T i, is 0.43 AE 0.06 from experiment and 0.38 from theory). The PðE 0 T Þ distributions of CH 3 þ HCO behave differently, with a peak at around 4 kcal∕mol. Because the pathway leading to CH 3 þ HCO on the singlet PES is barrierless, the statistical distributions of energies of different degrees of freedoms are responsible for this channel. A small fraction (0.20) of the total available energy (∼37 kcal∕mol) is released as translational energy, and this compares well with the experimental f T of 0.15 AE 0.05, indicating a very high internal (rovibrational) excitation of the molecular radical products. Consequently, as seen in Fig. 4 , both the theoretical and experimental distributions are narrower compared to the vinoxy channel, though the theoretical results show a tail in the high-energy region. Overall, the agreement between theoretical and experimental PðE 0 T Þ distributions is good. The theoretical TðθÞ distributions of the vinoxy and CH 3 products closely resemble the experimental ones. For the vinoxy we find a nearly isotropic angular distribution, with some broad, clear preference for sideways scattering both from theory and experiment. In contrast, the TðθÞ for the CH 3 is backward-forward distributed and polarized, with slightly more intensity in the forward direction, consistent with an "osculating complex" mechanism (36) . It is interesting to note the very different peculiar shapes of the angular distributions for the vinoxy and CH 3 products (Fig. 4 C and D) , which reflect a very different partitioning of the total angular momentum and correlation between the initial (reactant) and final (product) relative velocity vectors. The sideways scattering of the CH 2 CHO product resembles the sideways scattering of the CH 2 CHF product observed in the well-known Fð 2 PÞ þ C 2 H 4 reaction (37), indicating that in the reaction Oð 3 PÞ þ C 2 H 4 the hydrogen atom is also emitted (from the decomposing collision complex) orthogonal to the plane of the heavy C─C─O atoms at the transition state; that is, the final relative velocity v 0 r is perpendicular to the initial v r , and therefore parallel to the total angular momentum J (given by L þ j, where L and j are the orbital and rotational, respectively, angular momentum of the reagents). In contrast, the CH 3 angular distribution is significantly polarized, indicating that the CH 3 and HCO coproducts depart on the same plane of the heavy atoms which contains the initial v r ; i.e., the final v 0 r is parallel to the initial v r , and hence perpendicular to J. These relationships are also verified by the surface hopping QCT calculations, as shown in Fig. S3 . These types of scattering were elegantly elucidated since the early days of reaction dynamics by Herschbach in the context of alkali atom reactions (36) .
It is most gratifying that agreement between theory and experiment is quantitatively excellent. Because one of these product channels (CH 2 CHO þ H) arises from the triplet PES and the other one (CH 3 þ HCO) from the singlet PES after ISC, one can conclude that both the triplet and singlet PESs are accurate as far as the reaction dynamics is concerned. (The additional products obtained in the present QCT surface hopping calculations are described in the SI Text.)
Based on the agreement between detailed theoretical and experimental results for the Oð 3 PÞ þ C 2 H 4 reaction, we can conclude that QCT surface hopping calculations, using reliable coupled multidimensional PESs, can yield accurate dynamical information for polyatomic multichannel reactions in which ISC plays an important role (see, for instance, ref. 8 ). This opens the way to the reliable theoretical treatment of the dynamics of important polyatomic chemical reactions of relevance in areas of practical interest in which ISC plays a central role. It should also highlight the need to extend the scope of both experimental and theoretical studies of polyatomic bimolecular reactions which can be strongly influenced by ISC, especially via complex formation.
Materials and Methods
More detailed materials and methods can be found in the SI Text. Briefly, to study the Oð 3 PÞ þ C 2 H 4 reaction theoretically, we have constructed a fulldimensional PES for the triplet state using a fit of permutationally invariant polynomials (10, 24) in Morse-like variables in all the internuclear distances to roughly 52, 000 high-level ab initio energies. Some energies were computed by RCCSD(T) method with the aug-cc-pVTZ basis, with most of energies calculated with cc-pVTZ basis and shifted properly to the aug-cc-pVTZ results. We have also employed a previously calculated PES for the singlet state for this reaction (19) (20) (21) (22) , based on the same high quality ab initio level and permutationally invariant polynomials. The spin-orbit coupling between the two PESs has been investigated by CASSCF/cc-pVTZ level of ab initio calculations. Based on the triplet and singlet PESs, and the spin-orbit coupling between them, we have carried out trajectory surface hopping calculations using a modified version of the well-known Tully fewest-switches trajectory surface hopping algorithm with the extension of the time uncertainty algorithm (25) (26) (27) . Roughly 60,000 trajectories were run for each impact parameter b from 0 to b max (3.5 bohr) with a step size of 0.5 bohr, at the collision energy of 8.4 kcal∕mol. A total of roughly 450,000 trajectories were run for a maximum time of 300 ps.
To study the Oð 3 PÞ þ C 2 H 4 reaction experimentally, we have crossed two supersonic beams of the reactants at 90°under single collision conditions in a large scattering chamber kept at about 2 × 10 −6 mbar under operating conditions. We have recorded the angular and velocity distributions of the reaction products by a triply differentially pumped, ultrahigh-vacuum (10 −11 mbar) detector equipped with a tunable electron impact ionizer followed by a quadrupole mass filter and an off-axis electron multiplier (29) (30) (31) . The whole detector unit can be rotated in the plane of the two beams around their intersection axis (Θ ¼ 0°represents the direction of the atomic oxygen beam). The product angular distributions are measured by modulating (by a tuning fork chopper at 160 Hz) the ethylene beam for background subtraction; the velocity of reactants and products is derived using single-shot and pseudorandom, respectively, TOF analysis (29) . For these experiments, a continuous supersonic beam of atomic oxygen was obtained by means of a radiofrequency (RF) discharge beam source (33) , in which 200 mbar of a 5% O 2 ∕He gas mixture was discharged through a 0.28 mm diameter quartz nozzle at 300 W of RF power; peak velocity and speed ratio were 2;500 m∕s and 5.6, respectively. The very small percentage of Oð 1 DÞ also present in the beam (33) is expected to contribute to formation of some of the products (9) , and this is taken into account in the data analysis.* The supersonic beam of ethylene was generated by expanding through a 100 μm diameter stainless-steel nozzle kept at room temperature 780 mbar of neat ethylene. Beam peak velocity and speed ratio were 825 m∕s and 6.0, respectively. The resulting collision energy was 8.4 kcal∕mol.
